Abstract. AKAP12 belongs to A-kinase anchoring protein (AKAP) family of scaffold proteins and is known as a tumor suppressor in several human cancer types. Its role as a tumor suppressor in hepatocellular carcinoma (HCC) was proposed due to its downregulation and epigenetic modification in human HCC; however, the effect of its deficiency on liver injuries, such as liver fibrosis and cancer has been poorly studied. By analyzing tumor and non-tumor tissues of 15 patients with HCC, it was confirmed that AKAP12 expression was downregulated in human HCC as compared with adjacent non-tumor tissues. Immunohistochemical staining of mouse liver tissue for AKAP12 revealed that its sinusoidal expression was diminished in capillarized endothelium after 8 weeks of thioacetamide (TAA) administration. AKAP12 deficiency resulted in the promotion of ductular response of biliary epithelial cells, whereas overall fibrosis and myofibroblast activation were comparable between genotypes after short-term TAA treatment. The mRNA expressions of some fibrosis-related genes such as those encoding epithelial cell adhesion molecule, collagen type 1 α1 and elastin were upregulated in liver tissues of AKAP12-knockout mice. Long-term administration of TAA for 26 weeks led to the development of liver tumors; the incidence of tumor development was higher in AKAP12-deficient mice than in wild-type littermates. Together, these results suggest that AKAP12 functions as a tumor suppressor in liver cancer and is associated with the regulation of hepatic non-parenchymal cells.
Introduction
Chronic liver diseases such as cirrhosis and liver cancers are one of the leading causes of death worldwide. The development of chronic liver diseases is associated with a wide range of liver injuries, including virus infection, alcohol consumption, and metabolic disorders (1, 2) . Liver cancer is known to mostly develop under fibrotic background (3) and hepatic non-parenchymal cells play central roles in the progression of liver fibrosis (2, 4) . Therefore, the progression from liver fibrosis to liver cancer is thought to be coordinately regulated through the oncogenic activation of hepatocytes and microenvironmental modulation of non-parenchymal cells.
A-kinase anchoring proteins (AKAPs) spatio-temporally regulate cellular signalings by scaffolding effector proteins (5, 6) . AKAP12 (also called as gravin/SSeCKS/AKAP250) interacts with signaling mediators such as protein kinase A, protein A-kinase anchoring protein 12 is downregulated in human hepatocellular carcinoma and its deficiency in mice aggravates thioacetamide-induced liver injury kinase C, and Src, and modulates a variety of cellular and physiological events, including cytoskeletal remodeling, cell migration, blood-brain barrier development, and oncogenic processes (7, 8) . Furthermore, AKAP12 is recognized as a tumor suppressor, as evident from the downregulation of its expression in several human cancers such as prostate, ovarian, gastric, and breast cancers. AKAP12 downregulation is often caused by chromosomal hypermethylation or deletion (9) (10) (11) (12) . Furthermore, its overexpression in cells is known to inhibit oncogenic and metastatic properties, whereas its deficiency enhances the susceptibility to oncogenic transformation (13, 14) .
Previous studies have reported the downregulation of AKAP12 in human hepatocellular carcinoma (HCC) and its association with promoter hypermethylation, chromosomal deletion, and some specific microRNAs (15) (16) (17) . Forced overexpression or silencing of AKAP12 gene in HCC cell lines revealed that AKAP12 inhibits HCC cell growth and survival, suggestive of its tumor suppressor activity (17) . However, the role of AKAP12 at the level of liver organ as well as its functions in hepatic non-parenchymal cells remain to be investigated.
In the present study, we analyzed the expression pattern of AKAP12 in normal and injured liver tissue and compared thioacetamide (TAA)-induced liver injuries between wild-type (WT) and AKAP12-knockout (KO) mice to evaluate the role of AKAP12 in the progression of liver fibrosis and cancer.
Materials and methods
Animals and TAA-induced liver injuries. All mouse experiments were reviewed and approved by the Committee for Care and Use of Laboratory Animals at Seoul National University and performed according to the Guide for Animal Experiments edited by the Korean Academy for Medical Sciences. WT and AKAP12-deficient (AKAP12 KO) C57BL/6 mice were bred and maintained as previously described (10) . Hepatic fibrosis and tumorigenesis were induced by TAA in weight-matched 8-to 10-week-old WT or AKAP12-KO male mice. For fibrosis model, TAA was intraperitoneally injected thrice a week at a dose of 150 mg/kg for 8 weeks (18, 19) . The vehicle group received saline thrice a week for 8 weeks. To generate liver tumor, mice were fed with drinking water containing TAA at 300 mg/l for 26 weeks (20) . At the end of the experimental period, mice were euthanized via deep anesthesia and cardiac perfusion.
Human tissue specimens. HCC tissues and adjacent non-tumorous liver samples were obtained from patients who received surgical resection for HCC at Asan Medical Center, Seoul, Korea. Informed consent was obtained from all patients. HCC patients who meet the following criteria are included for the analysis: at leat 20 years of age and surgical specimen is histologically confirmed as HCC. Patients who accompany other malignancy or Child-Pugh class C disease are excluded. To determine HBV infection, HBsAg were detected using microparticle enzyme immunoassay (Abbott Laboratories, Chicago, IL, USA) or immunoradiometric assay kit (DiaSorin S.p.A., Vercelli, Italy). Patients' clinical characteristics are summarized in (21) . A total of 5-10 low magnification (x50) images from a single animal were quantified and the mean value was considered as a representative value for that animal.
Isolation of RNA and quantitative polymerase chain reaction (qPCR) analysis. Liver tissues were homogenized using TissueLyser II (Qiagen, Hilden, Germany) in TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and total RNA was extracted according to the manufacturer's instructions. Two micrograms of RNA from each sample was reverse transcribed with Moloney murine leukemia virus (MMLV) reverse transcriptase (Promega Corporation, Madison, WI, USA). Quantitative real-time PCR was performed using StepOnePlus Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) with RealHelix qPCR kit (NanoHelix Co., Ltd., Seoul, Korea). The relative mRNA levels were normalized by a housekeeping gene encoding glyceraldehyde-3-phosphate (GAPDH). Primer sequences used in this study are provided in Table II .
Western blot analysis. Liver tissues were lysed in radioimmunoprecipitation assay (RIPA) buffer containing 25 mM Tris pH 7.4, 150 mM NaCl, 5 mM MgCl2, 0.5% NP-40, phosphatase inhibitor cocktail (Sigma) and proteinase inhibitor cocktail (EMD Millipore, Billerica, MA, USA). Protein concentrations were determined using a bicinchoninic acid (BCA) Assay kit (Thermo Fisher Scientific, Inc.). 20 µg of lysates were resolved on polyacrylamide gel and then immunoblotted for AKAP12 (I. Gelman, Roswell Park Cancer Institute) and vinculin (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) as described previously (22) .
Statistical analysis. All data are expressed as mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) followed by Tukey's tests or two-tailed Student's t-test was used for statistical analyses. P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using GraphPad Prism v.5.00 (GraphPad Software, Inc., La Jolla, CA, USA).
Results

AKAP12 is downregulated in human HCC tissues positive for hepatitis B virus (HBV) infection.
Previous reports from three independent groups revealed the significant downregulation in AKAP12 expression in human HCC samples (15) (16) (17) . To confirm the reduced AKAP12 gene expression in Korean HCC patients, we analyzed protein lysates from 13 pairs of HCC and adjacent non-tumor tissues by western blotting. Of these, 11 HCC samples exhibited reduced level of AKAP12 protein as compared with the adjacent non-tumor tissues (Fig. 1A) . The remaining two HCC samples showed an increase in the expression of AKAP12 levels and were negative for HBV infection. On the other hand, the 11 samples with reduced AKAP12 expression in the tumor were positive for HBV infection. We analyzed transcript levels of AKAP12 isoforms alpha and beta separately in 12 HBV-associated HCC tissues and one each of non-HBV/non-HCV (NBNC)-, alcohol-and HCV-associated HCC tissues (Fig. 1B and C) . Transcript levels of total AKAP12αβ amplified with common AKAP12αβ primers showed a significant reduction in AKAP12 expression in HCC tumors as compared to adjacent non-tumor tissues of HBV groups. We performed qPCR analysis to detect the expression of AKAP12α and AKAP12β isoforms using isoform-specific primer sets and found less significant reduction in AKAP12β gene expression in tumor tissues (P= 0.0594), whereas the reduction in the expression of AKAP12α gene in tumors was highly significant (P=0.0002) (Fig. 1B) . In contrast, HCC samples with other etiologies showed variable results (Fig. 1C) , although we failed to analyze statistical differences by etiologies owing to the limited number of samples.
Sinusoidal AKAP12 expression is reduced in fibrotic regions
following TAA administration for 8 weeks. To evaluate the role of AKAP12 in liver fibrosis, we used TAA-induced liver fibrosis model. Picro-sirius red staining revealed that 8 weeks of intraperitoneal TAA injection resulted in the accumulation of ECM from central veins (Fig. 2A) . In the vehicle-treated mouse livers, AKAP12 immunoreactivity was observed in the sinusoidal endothelial cells (LSECs) as revealed by co-localization with a LSEC marker, SE-1, whereas hepatocytes were almost negative for AKAP12 staining (Fig. 2B and C) . After TAA injection, the sinusoidal AKAP12 expression was reduced in fibrosis regions where an obvious activation of myofibroblasts was deetected (Fig. 2C) . Contrary to AKAP12 expression pattern in normal and fibrotic livers, laminin expression was nearly absent in normal liver but increased in fibrotic livers, especially in the area of myofibroblast activation (Fig. 2D) . These results indicate that TAA administration results in centrilobular fibrosis that involves capillarization of sinusoidal endothelium and that sinusoidal AKAP12 expression is diminished in capillarized microvessels in the fibrotic area.
Comparison of liver injuries between WT and AKAP12-KO mice after short-term TAA injection. We evaluated if AKAP12 deficiency leads to the alteration in liver injury caused by TAA. After 8 weeks of TAA administration, the level of ECM deposition was comparable between livers from AKAP12-KO mice and WT littermates, as revealed by picro-sirius red staining (Fig. 3A) . Myofibroblastic activation as well as sinusoidal basement membrane formation were similar between genotypes (Fig. 3B , αSMA and laminin staining). In contrast, EpCAM-positive cholangiocyte expansion was approximately 2.5-fold higher in AKAP12-KO livers than WT controls (Fig. 3B, EpCAM staining) . We compared transcript levels of specific fibrosis-related genes in WT and AKAP12-KO livers with qRT-PCR. As evidenced by the results of immunohistochemical staining, EpCAM mRNA level was higher in AKAP12-KO mice than in WT control after 8 weeks of TAA injection (Fig. 4A, left) . Moreover, the transcript levels of certain ECM genes, namely Col1a1 and elastin, were significantly increased in AKAP12-KO livers than in WT controls after TAA injection (Fig. 4A, middle and right) . However, no significant difference was observed in the level of myofibroblast marker αSMA (Fig. 4B, left) and fibrosis-related soluble factors such as TGF-β1, PDGFa, and PDGFb (Fig. 4B ) between genotypes.
Comparison of hepatic tumorigenesis between WT and AKAP12-KO mice after long-term TAA administration.
Long-term TAA administration to rodents is known to generate liver tumors, including hepatocellular adenoma and HCC (20, 23, 24) . As AKAP12 is a potential tumor suppressor in human HCC, we compared the tumorigenesis of WT and AKAP12-KO mice after 26 weeks of TAA administration. Five of nine WT mice developed tumor nodules that were visible to the physical eye and one mouse developed a tumor over 2 mm size with maximum diameter of 7.8 mm (Fig. 5A) .
In contrast, six of nine AKAP12-KO mice developed tumor nodules visible to the physical eye and three mice developed tumors over 2 mm size with maximum tumor diameter of 7.4/8.3/8.6 mm, respectively (Fig. 5A ). Histological analysis with hematoxylin and eosin staining revealed more malignant tumors in AKAP12-KO livers (Fig. 5B) . Furthermore, tumors in AKAP12-KO livers were more vascularized than WT tumors, as revealed by laminin staining. Laminin immunoreactivity of adjacent fibrotic area was comparable between genotypes (Fig. 5C ). Therefore, AKAP12 seems to exhibit an inhibitory role in hepatic tumorigenesis and may be associated with the regulation of hepatic non-parenchymal cells such as liver sinusoidal endothelial cells.
Discussion
It is now well-recognized that stromal cells in tumor microenvironment play important roles in tumorigenesis and metastasis (25, 26) . Tumor-associated microenvironmental cells such as cancer-associated fibroblasts and tumor endothelial cells are profoundly different from their counterparts in normal tissues (25, 26) in terms of morphology, behavior, gene expressions, and even genetic alterations (27, 28) . Evidences suggest that some tumor suppressor genes undergo genetic alterations not only in the tumor cells but also in tumor-associated stromal cells. For instance, p53 is often found to be mutated in stromal cells and is associated with tumor grade and metastasis (28) (29) (30) .
Our immunohistochemistry results reveal the prominent expression of AKAP12 in sinusoidal endothelial cells of normal liver tissue (Fig. 2B) , suggestive of the possibility of microenvironmental regulation by AKAP12 in liver injuries. The outcome of short-term and long-term injuries in AKAP12-KO mice included the increase in ductular proliferation and liver cancer formation, respectively. These results indicate that AKAP12 may mediate intercellular communication between sinusoidal endothelial cells and cells with epithelial characteristics. Moreover, sinusoidal AKAP12 expression was reduced following liver injury, indicative of the existence of a mechanism that alters the expression level of AKAP12 in sinusoidal endothelium.
Previous studies have highlighted the downregulation of AKAP12 expression in human HCC, suggesting its possible role as a tumor suppressor in HCC (13, 15, 16) . Several mechanisms have been proposed to be involved in the reduction of AKAP12 expression in HCC. Goeppert et al demonstrated that AKAP12 reduction in advanced cancer was associated with chromosomal loss and promoter hypermethylation and revealed MiR-183/186-dependent regulation of AKAP12 expression in cirrhosis and dysplastic nodules (15) . Hayashi et al showed AKAP12 reduction in HCC by hypermethylation and without chromosomal deletion (16), whereas Xia et al proposed MiR-103-mediated regulation of AKAP12 expression as a mechanism of HCC development (13) . Therefore, multiple mechanisms may be involved in the downregulation of AKAP12 expression in HCC. Considering our data demonstrating prominent AKAP12 expression in liver sinusoids, we suggest that some of the downregulation mechanisms may be responsible for the reduction in sinusoidal AKAP12 expression in injured livers. Future studies with isolated tumor cells and tumor-associated endothelial cells are necessary to address the cell-type specific mechanism underlying AKAP12 reduction in HCC.
Liver fibrosis and the development of HCC are linked pathogenesis as most HCCs develop under fibrotic background (3). Therefore, the effect of AKAP12 deficiency on HCC development could be caused by its earlier effects on liver fibrosis. When we addressed the effect of AKAP12 deficiency on liver fibrosis by short term TAA treatment, we did not observe significant changes in overall ECM accumulation as revealed by picro-sirius red staining (Fig. 3A) . Interestingly, however, transcript levels of specific ECM genes were elevated in AKAP12 KO livers (Fig. 4A) , suggesting that AKAP12-deficiency led to the alteration in some fibrosis-related gene expression by hepatic myofibroblasts. The discrepancy between transcript levels and histological ECM accumulation is probable owing to the complexity of ECM remodeling during fibrogenesis. Under fibrotic circumstances, liver cells produce not only ECM proteins but also matrix metalloproteases (MMPs) and tissue inhibitor of metalloproteases (TIMPs), and therefore the tissue level of ECM accumulation is determined by the balance between ECM proteins and ECM-modifying enzymes (31). Thus, it is possible that AKAP12-mediated alteration in certain ECM gene expression is diluted by ECM modifying enzymes. Further studies including whole transcriptome analysis of AKAP12-deficient livers will be able to address detailed mechanisms of AKAP12-mediated ECM remodeling.
Despite minor effect of AKAP12-deficiency on liver fibrosis, AKAP12 KO mice aggravated tumorigenesis after long term TAA administration (Fig. 5A) . These results suggest AKAP12's additional tumor suppressing roles in tumorigenesis under fibrotic background. Considering specific AKAP12 expression by hepatic non-parenchymal cells, it may play tumor suppressor functions via the regulation of hepatic tumor microenvironment.
Taken together, our study suggests a novel mechanism underlying AKAP12-dependent inhibition of liver injuries that involves AKAP12 functions in hepatic non-parenchymal cells.
